The effect o f aureomycin on photosynthesis was investigated. This antibiotic which has been reported to stimulate photosynthesis at very low concentrations is an effective inhibitor at higher concentrations. In mesophyll protoplasts and isolated chloroplasts from spinach, 50% inhibition o f C 0 2 reduction required about 20 |JM aureomycin. The reduction o f 3-phosphoglycerate and o f oxaloacetate by intact chloroplasts was also inhibited, but not that o f nitrite and m ethylviologen which was actually stimulated. N A D P reduction by broken chloroplasts and m ethylviologendependent photophosphorylation were also sensitive to aureom ycin. The electrochrom ic shift at 518 nm which indicates formation o f a light-dependent membrane potential was suppressed in the presence o f 200 |im aureomycin and the transthylakoid proton gradient was decreased. The data confirm reports that aureomycin has uncoupling properties, and they indicate that it also acts as an inhibitor o f ferredoxin/N A D P reductase.
Introduction
Tetracyclines are widely used in chemotherapy. They prevent translation o f genetic inform ation by interacting with bacterial ribosomes thereby inhibit ing bacterial protein synthesis [1] , Medical applica tion is wide-spread because of relative non-toxicity which suggests high specificity of action. As a feed supplement, aureomycin, a representative of the group of tetracyclines, has long been known to stimulate growth of animals [2] , Aureomycin che lates cations [3] , and it has been reported to have uncoupling properties [4] . Like other uncoupling amines [5 -8] , it may fail to inhibit photosynthesis of chloroplasts and can even enhance photophos phorylation of thylakoid membranes at low concen trations [9] . Stimulation of leaf photosynthesis has also been reported [10] . In this publication, we demonstrate interaction of aureomycin with chloro plast membranes (see also ref. [11] ). Apparently, specificity of aureomycin action is limited. A ureo mycin may be used as a tool in studying chloroplast bioenergetics and electron transport.
Materials and Methods
Mesophyll protoplasts were isolated from freshly harvested spinach leaves and purified as described by Giersch et al. [12] . Intact chloroplasts exhibiting rates of C 0 2 assimilation between 100 and 160|imoles per mg chlorophyll per hour were iso lated from spinach according to Jensen and Bassham [13] . Ferricyanide reduction indicated that between 80 and 90% of the chloroplasts had intact envelopes in different chloroplast preparations [14] , Lightdependent oxygen evolution in the presence of different substrates was measured in a Clark type electrode or in the electrode described by D elieu and Walker [15] . The assay m edium contained 330 mM sorbitol, 1 mM MgCl2, 1 m M M nCl2, 2 m M ethylene diamine tetraacetate, 10 mM N aCl, 0.5 m M KH2P 0 4, 50 mM HEPES (N -2-hydroxyethylpiperazine-N-2-ethane sulfonate), pH 7.6, and 1000 units/ ml catalase. Electron acceptors were N a H C 0 3, 3-phosphoglycerate, oxaloacetate, N a N 0 2 (usually 2 mM ) or 10 |im methylviologen. For reduction of the latter compound, 2 mM KCN was also added. R e duction of substrate amounts of NADP by chloro plasts osmotically shocked in water or 10 m M M gCl2 was recorded during illum ination with red light at 340 nm in a crossbeam system. Photophosphoryla tion of ruptured chloroplasts was m easured with a pH electrode according to Dilley [16] . Fluorescence of 5 (JM 9-aminoacridine in a suspension of intact chloroplasts [5] was excited by a weak 415 nm beam , collected by fiber optics and recorded at 488 nm by a photomultiplier. Chlorophyll fluorescence was recorded at 740 nm. The actinic light was filtered through K 65 and Calflex C filters (from Balzers, Liechtenstein) and a RG 610 filter (from Schott, Mainz). It had a half band width from 626 to 675 nm. The detectors were protected against actinic light by suitable filter combinations. For m easure ments of ATP. ADP or NADP in intact chloroplasts, HCIO4 was added to darkened or illum inated chloroplast suspensions to a final concentration of 0.7 m . After 5 min standing at room tem perature, insoluble material was sedim ented and the super natant neutralized with K2C O 3. Adenylates were measured by luminescence as in ref. [17] and N ADP by enzymic cycling [18] . Ferredoxin-N A D P reduc tase was assayed by recording the reduction of ferricyanide by NADPH at 420 nm [19] .
Results and Discussion C 0 2-dependent oxygen evolution by mesophyll protoplasts or by intact chloroplasts was found to be sensitive to aureomycin. Appreciable stim ulation of photosynthesis by very low aureom ycin concentra tions [10] was not seen in our experiments, and higher concentrations were clearly inhibitory. In hibition did not become im m ediately effective. Usually about 2 min were required to develop inhibition. In isolated chloroplasts, about 20 |iM aureomycin produced 50% inhibition, and full in hibition was observed at aureom ycin concentrations above 50 (iM (Fig. 1) . Chloroplast reactions sim ilarly sensitive to aureomycin as C 0 2 assim ilation were phosphoglycerate-dependent and oxaloacetate-dependent oxygen evolution. However, reduction of methylviologen by intact chloroplasts was not only not inhibited by 45 (jm aureomycin but actually stimulated suggesting some uncoupling (Fig. 2) . Stimulation was increased by carbonyl cyanide-mchlorophenylhydrazone (CCCP) which is a very potent protonophore. Enhancement of m ethylvio logen reduction is difficult to reconcile with in h ib i tion of oxaloacetate reduction. In contrast to the reduction of C 0 2 or 3-phosphoglycerate, reduction of methylviologen and oxaloacetate does not require ATP and is under control of a high intrathylakoid proton concentration [17] , If the intrathylakoid pH is increased by N H 3 or CCCP, reduction of oxaloace tate or methylviologen is stimulated. Methylviologen reduction does not require ferredoxin and N A D PH , while oxaloacetate is reduced by NA DPH. The difference in aureomycin sensitivity of these reduc tive reactions suggested that either the reduction of ferredoxin or that of NADP is inhibited by au reo mycin. Fig. 3 shows that NADP reduction is sensi tive to aureomycin. In the light, chloroplasts shocked osmotically in 10 m M M gCl2 support sig nificant rates of electron flow to N A D P even if no external ferredoxin is added. This reaction was inhibited by aureomycin.
There was the question whether electron transfer from photosystem I to ferredoxin or from reduced ferredoxin to NADP was inhibited. Fig. 4 shows simultaneous recordings of nitrite-dependent oxygen evolution by intact chloroplasts, of chlorophyll fluo rescence and of fluorescence emitted by 5 jim 9-aminoacridine in the chloroplast suspension before and after addition of aureomycin. N itrite is known to be reduced by reduced ferredoxin. Oxygen evolu tion shows stimulation, not inhibition or nitrite reduction by aureomycin. This is consistent with the data obtained for methylviologen reduction (Fig. 2) and suggests some uncoupling [4] , When the nitrite reduction data are compared with the N ADP reduc tion data, it becomes obvious that aureomycin does not inhibit ferredoxin reduction, but rather the transfer of electrons from reduced ferredoxin to NADP. It appears to interact with ferredoxin-NADP reductase.
The kinetics of chlorophyll and 9-aminocridine fluorescence further suggest some decrease of the transthylakoid proton gradient in the presence of aureomycin which might explain stim ulation of electron flow to nitrite. Light dependent quenching of 9-aminoacridine fluorescence is caused by accu mulation of 9-aminoacridine in the intrathylakoid space [5, 20] . It indicates form ation of a transthyla koid proton gradient which is believed to be part of the driving force for ATP synthesis [21] . Decreased 9-aminoacridine fluorescence quenching in the pres ence of aureomycin indicates a decreased zfpH between chloroplast stroma and intrathylakoid space. In accordance with this, energy-dependent secondary quenching of chlorophyll fluorescence [22] was relieved in the presence of aureomycin (Fig. 4) . In other experiments with different prepa rations of intact chloroplasts, 50 j i m aureomycin had no significant effect on chlorophyll or 9-am inoacri dine fluorescence, and 250 j i m aureomycin was needed to produce the fluorescence phenom ena shown in Fig. 4 . Because in intact chloroplasts cyclic electron flow has been reported to involve ferredoxin-N A D P reductase [23] it was of interest to see w hether cyclic electron flow is sensitive to aureomycin. Fig. 5 shows 9-aminoacridine fluorescence em itted from a suspension of intact chloroplasts. The chloroplasts were made anaerobic by the addition of an enzymic system which acts as an oxygen trap. The lightdependent formation of a proton gradient in the chloroplasts is, in the absence of electron acceptors, based on cyclic electron transport. Available C 0 2 does not support linear electron transport in the absence of oxygen [24] , A first illum ination of anaerobic chloroplasts produced m odest quenching of 9-aminoacridine fluorescence quenching which decreased with time of illum ination. A pparently, a significant proton gradient could not be m aintained during illumination. A second illum ination cycle produced only very little fluorescence quenching. However, when 3-(3.4-dichlorophenyl)-l,l-dim ethylurea (DCMU) was added which restricts electron flow from photosystem II to photosystem I, quench ing of 9-aminoacridine increased dramatically. The insignificant quenching of 9-aminoacridine fluores cence by illumination in the absence of D CM U is explained by over-reduction of the electron trans port chain by photosystem II which causes inhibi tion of cyclic electron transport [25, 26] . Inhibition was relieved by a concentration of DCMU which decreased electron pressure sufficiently to relieve over-reduction. This permitted formation of a sig nificant proton gradient. However, in the presence of increasing concentrations of aureomycin, form a tion of the proton gradient in the absence of oxygen was increasingly inhibited. This may be explained by inhibition of cyclic electron transport through inhibition of ferredoxin-NADP reductase. A lterna tively, aureomycin may dissipate the proton gra dient more directly as indicated by decreased proton gradients in the presence of nitrite (Fig. 4) and by the stimulation of electron flow to nitrite or methylviologen (Fig. 2) which does not involve ferredoxin-NADP reductase.
However, a decreased zIpH was not always indi cated by 9-aminoacridine fluorescence in the pres ence of aureomycin. Fig. 6 shows a sim ultaneous recording of C 0 2-dependent oxygen evolution by intact chloroplasts and of 9-aminoacridine fluores cence. When the fluorescence decrease brought about by the addition of aureomycin to the sample is taken into account, the m agnitude of zIpH as m ea sured by the fluorescence method was not affected by aureomycin which completely inhibited photo synthesis. Apparently, electron transport to oxygen and residual cyclic electron transport were still suffi cient to maintain a large transthylakoid proton gra dient. Also, the light-induced membrane potential which is indicated by fast changes in 518 nm absor bance was not much affected by a concentration of aureomycin (50 pM) which was sufficient for C 0 2 reduction. 200 or 250 pM aureomycin were required for drastic inhibition of the fast 518 nm signal (data not shown).
It is thus not clear whether inhibition of C 0 2 reduction by aureomycin is caused by uncoupling or by inhibition of ferredoxin-NADP reductase. For broken chloroplasts, inhibition of photophospho- rylation could be demonstrated to require more aureomycin than inhibition of C 0 2 reduction (com pare Fig. 7 with Fig. 1) . In a num ber of experiments with broken chloroplasts, photophosphorylation was even less sensitive to aureomycin than shown in the experiment of Fig. 7 . When ferredoxin-NADP re ductase was assayed both in broken chloroplasts and as the isolated and purified enzyme by measuring the oxidation of NADPH by ferricyanide [19] , enzyme inhibition was observed at aureomycin con centrations considerably in excess to those required to inhibit C 0 2 reduction by intact chloroplasts. 50% inhibition of the isolated enzyme required about 300 |jm aureomycin.
Thus, experiments with broken chloroplasts give no clear indication of the site of aureomycin action on photosynthesis of intact chloroplasts. However, Fig. 8 suggests that in intact chloroplasts ATP syn thesis may be more sensitive to aureomycin than in broken chloroplasts. A chloroplast suspension con taining phosphoglycerate as substrate was illum i nated in the absence and in the presence of suffi cient aureomycin to cause considerable inhibition of phosphoglycerate reduction.
On illum ination, NADP levels decreased and ATP levels increased both in the control and in samples containing aureo mycin. Reduction of the small pool of NADP after 10 sec illumination in the presence of aureomycin corresponds to a rate of electron flow to NADP as low as about 4 nmoles reduction per mg chlorophyll per hour. It is therefore not in contradiction to inhibition of NADP reduction by aureomycin (Fig. 3) . NADP remained reduced in the light, but ATP levels decreased in the sample containing aureomycin after the initial increase indicating interference of aureomycin with ATP synthesis.
The peculiar insensitivity of the proton gradient to aureomycin observed in the presence of C 0 2 ( Fig. 6) made it necessary to investigate also whether aureomycin possesses properties of an energy transfer inhibitor, although this did not appear likely in view of the observed stim ulation of electron flow to nitrite or methylviologen. Inter action of aureomycin with the coupling factor CFi was reported by Huang et al. [11] . The latent ATPase activity of this enzyme complex was acti vated by illuminating broken chloroplasts in the presence of phenazine methosulfate and dithiothreitol [21] . ATP added after darkening was hydrolyzed as shown by hydroxyl ion uptake according to
Aureomycin had little effect on this reaction which was inhibited by the energy transfer inhibitor Dio-9.
Conclusions
The results of this work show that aureom ycin does not only bind to ribosomes but also interacts with biomembranes. In chloroplasts, the antibiotic inhibits electron flow from ferredoxin to NADP. This reaction is more sensitive to aureom ycin than the reduction of ferricyanide by the isolated ferredoxin-NADP reductase. This suggests that aureo mycin prevents the reduction of enzyme-bound flavine by reduced ferredoxin rather electron trans fer from flavine to NADP. Aureomycin also inhibits ATP synthesis and collapses the light-induced m em brane potential and the transthylakoid proton gra dient, when present at concentrations above 100 |im. The latter effects cannot be explained by inhibition of electron flow which is actually stim ulated when nitrite or methylviologen are electron acceptors. When C 0 2 reduction is inhibited, the large proton gradient maintained in the presence of about 50 |iM aureomycin (Fig. 6) can only be supported by elec tron flow. Electron transport to oxygen is known to be slow [28, 29] , and cyclic electron transport should be subject to the same electron transport inhibition as reduction of NADP by ferredoxin-NADP reduc tase [23] .
In this work, we have been more interested in the inhibition of photosynthesis by aureomycin than in its stimulation as shown by Huang et al. [10] . The observation that aureomycin possesses uncoupling properties may shed some light on reported stim u latory effects. It has been known for a long tim e that uncoupling can, at very low concentrations of un coupler, stimulate both electron transport and phos phorylation. The nature of this effect is obscure [8] .
